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Abstract 
The effect of corrosion damage on cemented carbides was investigated. The study included residual 
strength assessment and detailed fractographic inspection of corroded specimens as well as detailed 3D 
FIB-FESEM tomography characterization. Experimental results point out a strong strength decrease 
associated with localized corrosion damage, i.e. corrosion pits acting as stress raisers, concentrated in the 
binder phase. These pits exhibit a variable and partial interconnectivity, as a function of depth from the 
surface, and are the result of heterogeneous dissolution of the metallic phase, specifically at the corrosion 
front. However, as corrosion advances the ratio between pit depth and thickness of damaged layer 
decreases. Thus, stress concentration effect ascribed to corrosion pits gets geometrically lessened, damage 
becomes effectively homogenized and relatively changes in residual strength as exposure time gets longer 
are found to be less pronounced. 
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1. Introduction 
Cemented carbides tools and components are commonly exposed to harsh working conditions that include a 
large variety of corrosive environments. Some examples of cemented carbide applications subjected to 
corrosion phenomena are: flow control components and wear tiles positioned on the flights of centrifuges 
used in chemical and petrochemical industry, metal forming tools, oil and gas inserts, and wood cutting 
inserts [1-5]. 
 
Literature on the corrosion behaviour of cemented carbides is relatively extensive (e.g. Refs. [6-19]). From 
these studies, several microstructural effects on corrosion response for these materials may be highlighted. 
First, in neutral and acidic solutions,corrosion in cemented carbides proceeds through selective binder 
leaching, whereas the WC particles are not much affected by the corrosion attack. This is not the case at 
alkaline pH, where the metallic binder passivates and WC shows active dissolution.Second, binder chemical 
nature has a large influence in the corrosion resistance of hardmetals. In this regard, it is known that addition 
of elements such as Cr, Ni, Mo or Ru in the Co binder phase generally enhances corrosion resistance. Third, 
grain size effects depend on the environment acidity, with microstructural refining yielding a beneficial effect 
on corrosion resistance under conditions in which the Co binder undergoes active/passive-transition. 
 
Moreover, corrosion attack may also induce a detrimental effect on other critical performance-related 
parameters, such as wear resistance or mechanical strength. While there have been several studies 
addressed to evaluate the wear-corrosion interaction (e.g. Refs. [2-4,20-22], very few investigations 
havefocused on the influence of corrosion damage on the strength of hardmetals [1,12]. Such 
limitedinformation on strength-corrosion relationships for hardmetals is unfortunate from a structural integrity 
viewpoint, as it is relevant to find out how the limit state (defining failure) or the boundary between 
acceptable or unacceptable performance is affected by the damage induced by corrosion. 
 
Understanding the influence of extrinsic damage (i.e. resulting from service-like conditions like occasional 
hard body impacts, continuous contact-related degradation, environmental assisted phenomena and/or 
thermal fluctuations) on mechanical strength requires a systematic and detailed characterization of the 
microstructural and micromechanical changes associated with it. Within this context, the advent of new and 
advanced characterization techniques had proven to be extremely helpful for achieving such holistic view. A 
clear example is the combined use of Field Emission Scanning Electron Microscopy (FESEM) and Focused 
Ion Beam (FIB) techniques for quantifying microstructure as well as evaluating tribological and damage 
phenomena in cemented carbides (e.g.Refs. [3,23-25]).  
 
Following the above ideas, it is the purpose of the present work to assess the residual strength of a WC-Co 
hardmetal grade after inducing corrosion damage within the material. In doing so, mechanical testing is 
combined with fractographic analysis. Attempting to rationalize the found corrosion effects, the 
corresponding damage-microstructure interaction is finally characterized by means of 3D FIB-FESEM 
tomography. Final goal behind this investigation is to advance one more step on the proposal and validation 
of experimental and analytical protocols for assessment of effective structural integrity (i.e. reliability) of 
hardmetal tools and components on the basis of damage tolerance concepts. 
 
2. Experimental procedure 
The investigated material was an ultrafine-sized WC-Co hardmetal supplied by Sandvik Hyperion with high 
binder content. The key microstructural parameters: binder content (%wt binder), mean grain size (dWC), 
carbide contiguity (CWC), and binder mean free path (λbinder) are listed in Table 1. Mean grain size was 
measured following the linear intercept method, using FESEM micrographs taken in a JEOL-7001F unit. 
Carbide contiguity and binder mean free path were deduced from best-fit equations, attained after 
compilation and analysis of data published in the literature, on the basis of empirical relationships given by 
Roebuck and Almond [26] but extending them to include carbide size influence [27,28]. A minor amount of 
Cr3C2 was added to the composition as grain growth inhibitor. 
 
Table 1.Nomenclature and microstructural parameters for the investigated cemented carbide. 
 
Wt.% binder dWC (µm) CWC 
λbinder 
(µm) 
15 0.47 ± 0.22 0.36 ± 0.02 0.24 ± 0.11 
 
Mechanical characterization included hardness (HV30), flexural strength (σr) and fracture toughness (KIc). 
Hardness was measured using a Vickers diamond pyramidal indenter and applying a load of 294N. Strength 
and toughness testing was conducted using a four-point bending fully articulated test jig with inner and outer 
spans of 20 and 40 mm respectively. Flexural strength tests were performed on an Instron 8511 
servohydraulic machine and at least 15 specimens of 45x4x3 mm dimensions were tested per grade. The 
surface which was later subjected to the maximum tensile loads was polished to mirror-like finish and the 
edges were chamfered to reduce their effect as stress raisers. Fracture toughness was determined using 
45x10x5 mm single edge pre-cracked notch beam (SEPNB) specimens with a notch length-to-specimen 
width ratio of 0.3. Compressive cyclic loads were induced in the notched beams to nucleate a sharp crack 
and details may be found elsewhere [29]. Fracture toughness was determined by testing SEPNB specimens 
to failure at stress-intensity factor load rates of about 2 MPa√m/s. 
 
Corrosion damage was induced in 45x4x3 mm beams by immersing them in an aerated synthetic mine water 
solution [9,30](pH = 6.7) whose composition is given in Table 2. Two sets of immersion tests were carried 
out in stagnant and stirred solution. Prior to immersion, the samples were polished and the edges chamfered 
following the same procedure used for flexural strength tests. Weight loss was measured after immersion 
tests performed at variable time, from 24 to 360h. The corrosion rate was determined according to equation 
(1): 
 
 (1) 
 
where w is the weight loss in mg; A is the surface area of the specimen in cm2; ρ is the density of the 
material (13.93 g/cm3); and t is the corrosion time in hours. 
 
Residual flexural strength after corrosion was measured by testing the specimens to failure. At least 3 
samples were tested per each corrosion time investigated in stirred solution. After failure, a detailed 
inspection of fracture surfaces was carried out by means of FESEM in order to identify failure sites. 
 
Table 2. Synthetic mine water solution [30]. 
 
Compound Concentration (mg/l) 
CaCl2 1038 
Na2SO4 1237 
MgSO4 199 
NaCl 1380 
 
 
As it was referred above, one specific goal of this study is to document and understand corrosion damage in 
cemented carbides.Accordingly, a 3D tomography characterization of localized corrosion features 
(corresponding to 7 days – 168h – immersion time) was performed using the FIB-FESEM (Zeiss Neon 
40)technique.  In doing so, the corroded surface was initially examined to identify a region of interest of 
about 12x12 μm2 for the image reconstruction (Figure 1a). Before sequential ion milling, a thin protective 
platinum layer was deposited on this area. Thus, a U-shaped trench with one cross-sectional surface 
perpendicular to the specimen surface was generated by FIB (Figure 1b). It permitted a correct visualization 
of the transversal section. Subsequently,corrosion damage-microstructure interaction was documented 
through series of FESEM micrographs obtained by periodical removal of a material. It was performed by 
millingthe U-shaped crater parallel to the cross-sectional surface, using the FIB’s automated software. A 
volume of about 12x12x6µm3 volume was ion milled and around 600 images were obtained for the 
reconstruction. 
 
 
(a)  (b)  
 
Figure 1.FESEM images corresponding to: (a) region of interest for 3D FIB-FESEM image 
reconstruction,and (b) U-trench generated by FIB around the regions of interest. 
 
3. Results and discussion 
3.1. Residual strength of corrosion-damagedhardmetals 
 
Flexural strength and Weibull modulus, together with hardness and fracture toughness, for the investigated 
material are listed in Table 3. Such strength level is taken as reference condition in this study. The 
outstanding strength and Weibull modulusvalues are indicative of an optimal microstructure-processing-
property relationship for this hardmetal grade which translates into high reliability (low variability) from a 
structural integrity viewpoint. 
 
 
 
 
 
Table 3.Hardness, flexural strength, Weibull modulus and fracture toughness for the studied hardmetal. 
 
HV30 
(GPa) 
Flexural strength 
(MPa) 
Weibull 
modulus 
KIc 
(MPa√m/s) 
13.2 ± 0.1 3869 ± 109 42 11.3 ± 0.6 
 
As it can be observed in Figure 2a, stirred solution yields higher weight loss compared to stagnant solution, 
the difference strongly increasingas immersion time gets longer. The corrosion rate for cemented carbide in 
stirred solution decreases with immersion time and starts to stabilize after 170 h approximately. 
However,even after 216h corrosion rate in agitated solution remains being at least twice that determined 
understagnant condition. 
 
(a) (b)  
Figure 2.Results after immersion tests in synthetic mine water solution: (a) Weight loss; (b) Corrosion rate. 
 
One main objective of this study is to investigate how corrosion phenomena translate into effective damage. 
In this regard, strength testing not only provides a quantitative measure of the damage introduced by 
corrosion, but also yields critical information for assessing how well the corresponding microstructure may 
tolerate the introduced damage. Residual strength of the investigated cemented carbides is shown as a 
function of the corrosion time in Figure 3a. The results are normalised, with respect to strength data listed in 
Table 3, in Figure 3b.A relevant corrosion degradation effect on strength is discerned. It may be described 
as gradual and continuous, although exhibiting less pronounced relative changes, as exposure time 
increases. Strength drops are about 35% and 50% after 72h and 360h respectively. These results are in 
agreement with those found by Pugsley et al. [1] when studying the influence of tannic acid corrosion on the 
strength of hardmetal tools.  
 
(a) (b)  
 
Figure 3. Flexural strength (a) and normalised flexural strength (b) as a function of immersion time in the 
stirred solution corrosive media. 
 
Aiming to document and understand damage-failure correlation, a detailed fractographicinspection was 
conducted by means of FESEM. Several observations may be done. First, failure sites were always 
associated with corrosion-induced damage, and examples are given in Figure 4. Second, as already 
reported, corrosion-induced damage is the result of preferential attack of the metallic binder [9-11,16]. As a 
consequence, a WC skeleton surface layer is formed whose thickness increases as exposure time to mine 
water solution gets longer. Third, the referred WC skeleton layer does not grow deeper homogeneously; 
thus, corrosion pits are common features at the interface defining the corrosion front. Such localized 
corrosion features are quite relevant as they become the critical flaws in all the corroded specimens 
investigated (Figure 4). Such evidence is also concordant with the findings of Pugsley et al. [1], who 
rationalised the determined strength degradation on the basis of the stress concentration role played by the 
corrosion pits induced in the surface. Fourth, as corrosion damage evolves with exposure time, it should be 
noticed that ratio between pit depth and thickness of damaged layer decreases as corrosion front grows in a 
direction perpendicular to the surface. Accordingly, evolving damage (layer of WC skeleton) is somehow 
homogenized as exposure time increases, because stress concentration effect associated with localized pits 
gets geometrically lessened. Such ideas could then explain the trend described by the experimental data in 
Figure 3 regarding lower relative changes in residual strength as exposure time increases. 
 
(a) (b)  
(c) (d)  
 
Figure 4. Critical corrosion damage that promotes failure for different corrosion times; (a) 24h, (b) 72h, (c) 
168h and (d) 360h. Corrosion pits are marked with a white dotted line. 
 
3.2. 3D FIB-FESEM tomography characterization of corrosion-induced damage 
In the last few years fruitful examples on the suitability of the use of FIB-FESEM technique to characterize 
damage in cemented carbides have been presented (e.g. Refs.[3,22-25]). In this investigation, such an 
approach is followed to characterize corrosion damage-microstructure interactions in hardmetals. Hence, a 
3D image reconstruction of the surface damage induced by corrosion after 168h was carried out. In Figure 
5, two FESEM images corresponding to serial sections obtained during the FIB tomography procedureare 
presented. As it was already observed during the fractographicinspection, corrosion preferably takes place 
within the binder phase, leaving WC grains intact. However, corrosion is not completely homogeneous, 
regarding thickness of the damaged layer, with relative differences of up to 5μm being evidenced in the 
reconstruction. This figure also shows that microcracks appear within the corroded binder, probably due to 
formation of new cobalt phases [11,14]or cobalt dissolution and redeposition at small length scales [13]. 
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Figure 5. Micrographs showing corrosion damage-microstructure interactions as imaged on serial sections 
obtained by means of FIB-FESEM tomography. 
 
3D image reconstruction from the FIB-FESEM tomography data requires filtering, alignment and 
segmentation of theserial section images. In doing so, three different “phases” were identified corresponding 
to: carbides (yellow), binder (blue) and corrosion-induced microcracks (red). Additionally a microcrater, 
surface defect possibly generated due to chipping of locally exposed carbides, was reconstructed in green 
(Figure 6). The complete 3D reconstructed volume of the microstructure, containing the localized corrosion 
damage, is shown in Figure 7. For a better visualization of the 3D nature of both microstructure and 
damage, the three “phases” are also presented individually. As it was already discerned from 2D sliced 
images, the corrosion affected layer is not homogeneous in depth. As a consequence, potential stress raiser 
pits continuously develop at the corrosion front. This is evidenced by plotting the percentage of 
microcrackedbinder as a function of depth from the surface (Figure 8). It is clear from this graph that 
corrosion damage may be described as intrinsically heterogeneous (in terms of effective depth) at the 
corrosion front, but physically homogeneous regarding its interaction with microstructure, independent of the 
subsurface level. As a consequence, it evolves from microcrack nucleation associated with binder dissolution 
(from the center towards the carbide/binder interface [18]) to pronounced binder removal leaving an 
effectively unbound WC skeleton behind it. According to the data plotted in Figure 8, differences in amount 
of corroded binder between the WC skeleton layer and the heterogeneous corrosion front may be as large 
as 40%. Moreover, taking into consideration the damage scenario discerned in the fractographic inspection 
of broken corroded specimens (Figure 4), it could be speculated that length scale ahead of corrosion front 
where heterogeneity (corrosion pits) develops is rather independent (between 5 and 10 µm) of corrosion 
extension. Evaluation and understanding of this issue is beyond the scope of the present investigation, but 
additional research efforts will be devoted to it by the research group in the near future.  
 
 
 
Figure 6.Filtered and segmented FESEM micrographs attained by FIB tomography.Three phases have been 
identified: WC carbides (yellow), metallic binder (blue), and corrosion-induced microcracks (red). 
Additionally, a surface microcrater (generated by chipping out of unbound carbides)is included in green. 
 
(a) (b)  
 (c) (d)  
 
Figure 7. 3D reconstructed image describing corrosion damage – microstructure interaction for the 
hardmetal studied (after 168h of exposure time) at both global and individual phase levels: (a) global 
scenario (including surface microcrater in green); (b) WC skeleton in yellow; (c) metallic binder in blue, and 
(d) corrosion-induced microcracks in red. 
 
 
 
 
Figure 8.Relative amount of microcracks (resulting from corrosion within binder) as a function of depth from 
surface (exposure time: 168h). 
 
Regarding description of the corrosion scenario discerned in this investigation, it seems clear that binder and 
microcrack “phases” are relevant features for describing damage-microstructure interaction in the hardmetal 
studied. Within this context, the contiguity (networking) character and relative distribution of each of those 
phases becomekey parameters for assessing its effective detrimental effects on properties, such as fracture 
strength. In this study, characterization of these parameters is attempted by means of skeletonization, an 
image analysis technique that consists in transforming a phase of interest in filaments whose diameter and 
colour are related to its local size. Hence, as the volume occupied at small length scale by the phase under 
consideration increases, corresponding cord diameter gets higher and more intensely red. On the opposite 
side, if presence of the phase at the “bulk” level becomes scarcer, filaments become thinner and more 
intensely blue. Skeletonization of binder and corrosion-induced microcrack reconstructed phases are shown 
in Figure 9. It may be highlighted that interconnecting nature for each “phases network” is different: long 
range / fully interconnected for the binder case, and short range / locally interconnected for the damage one. 
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The fact that lower contiguity is discerned within the microcrack network as subsurface level under 
consideration becomes deeper is in complete concordance with the 3D description detailed above. 
 
(a) (b)  
 
Figure 9.Skeletonization corresponding to; (a) binder and (b) microcracked phases. 
 
4. Summary and concluding remarks 
In this work the damage induced by corrosion in a WC-Co hardmetal is investigated. Samples were 
immersed in an agitated mine water solution for different times and tolerance to corrosion damage was 
evaluated by measuring the retained strength of corroded specimens. Results show that corrosion damage 
results in relevant strength degradation. Extensive fractographic inspection permitted to rationalize the 
detrimental influence on the basis of stress raising effects associated with localized and heterogeneous 
metal binder dissolution – corrosion pits - at the corrosion front level. A detailed characterization of corrosion-
induced damage through 3D FIB-FESEM tomography provides further support to above ideas: localized 
corrosion pits with variable and partial interconnectivity (as a function of depth), and evolution from 
microcracknucleation associated with binder dissolution to pronounced binder removal,which finally leaves 
an effectively unbound WC skeleton behind it. However, as corrosion damage evolves, it gets homogenized 
because stress concentration effects associated with localized pits get geometrically lessened. As a 
consequence, relative changes in residual strength become less pronounced with increasing exposure time. 
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